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Overview

« Motivation--the quarkonium production puzzle

* Recent CMS measurements:
— Studies of S-wave quarkonia production: Y(1S,25,3S5)
— studies of P-wave quarkonia production: X., X,
— J/W and W’ polarization and Y(1S,2S,3S) polarization

« (Conclusions



Motivation

Quarkonium production is an ideal probe to study hadron formation,
part of the non-perturbative QCD sector

Properties of QCD can be probed through several quarkonium
production measurements: cross sections and polarizations

The J/W production cross section was found to be higher by a factor
~30 compared to predictions at CDF. The important color octet (CO)
contributions!

NRQCD was born. It is found to describe differential cross sections
well. It needs some experimental input.

It also predicts that S-wave quarkonia should be transversely polarized
at high pr.



Tevatron legacy

Butenschoen, Kniehl
PRL 106, 022003 (2011)
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Butenschoen, Kniehl
PRL 108, 172002 (2012)

o/« CDF data: Run |/l Helicity frame
........ CS' LO
e CS, NLO . lyl < 0.6
---- CS+CO, LO Vs =1.96 TeV
—— CS+CO, NLO pp = JAp + X
1
0.8
0.6
~ 03
8 0
< -0.2
-0.4
-0.6
-0.8

1
—

Decent agreement of differential cross sections reached, but not for polarization



Theoretical framework: NRQCD

« Effective field theory featuring the factorization of perturbative short-
distance processes and long-distance effects

do(H+X) =Y da(QQn]+X) (0" n])

Long-distance matrix elements (LDMEs)
Short-distance perturbative term Process independent.
and Parton Distribution Functions Non-perturbative, extracted phenomenologically
or from lattice calculations,
with the help of scaling rules



Potential of CMS in quarkonium studies

3.8 T B Field
« The Muon system, the Silicon Tracker and 3 . - trigger paths
. . =10"73 20m Run, L=1.1fb" Jhy -
the Magnetic Field system allow accurate 310_: CMS Va=7TeV msy
Y my

measurement of muon pairs over a wide :

[ low p_ double muon

2 high P, double muon
range of n and pr. 10

* Low-energy photons can be measured 10 4
accurately using conversions 104

» A flexible trigger system accommodates 1—
Higgs physics, SUSY searches, and also -
quarkonium 1 10
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Events /10 MeV

Y p rOd U Ct I O n CMS-PAS-BPH-12-006, arXiv:1501.07750 [hep-ex]

* First measurements published on 2010 data PRD 83,112004 (2011)
« The new result (2011 data) extends the p; coverage up to 100 GeV

« Technigue: measure yields and apply event-by-event efficiency
corrections

do(pp = Y (nS)) X B = NY ") (pr)
dpr y|<0.6 L Apr e,u(pr) Alpr)
4917 (7 TeV) / / /
1000 CMS — o
! (a) luminosity efficiency acceptance
3000 - |Y| <06 - NY: yield from fit
10 < p, < 12 GeV

acceptance calculated taking into

2000 account the results on Y polarization

For Y(nS), see:
arXiv:1502.04155 [hep-ex]
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Y(2S) and Y(3S) production
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Extended p; coverage. Low-p; measurement agrees well with previous CMS measurement
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P-wave quarkonia

« P-Wave states are an essential piece to the quarkonium puzzle

 Feed-down from P-wave states must be taken into account when
studying S-wave states.

« Relative production cross section ratios of P-waves are by
themselves interesting tests of (NR)QCD. Naive expectations are
challenged (example: suppression of 3P,).
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P-Wave quarkonia in CMS

P-Wave quarkonium states can be detected via their radiative decays:

Ae12 = b +y

Xp12(NP) = Y(nS) + v
However, a calorimetric measurement of the photon would not feature sufficient
invariant mass resolution to separate the two states (E, = 0.5-2 GeV).

The use of photon conversions in the silicon tracker gives good photon energy
and x mass resolution .
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Xczl A Cross section ratio ErJC 72 (2012) 2251

N(S') 4005_ CMS 0'(pp _>XCZ+X) % BR(Xcz _>]/¢+r)’)
2350 pp,\s = 7 TeV o(pp = Xxa+X)  BR(xa = 1/p+7)
o f L =4.6fb"
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Contamination from non-prompt < 0.7%
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Xch A Cross section ratio EeprJc 72 (2012) 2251

v (PP = X2+ X)B(xe > J/p+7)

P™ o(pp = X1 + X)@(m —J/p+ '@
2 1.0 °* X2 1 COUNtING using unbinned log-
S 0.9 s e 7 Tev likelihood minimization. Signal
0.8F + _+_ L=46 b shape (detector response)
0.7§— ++ I I determined from simulation.
0.6/ : ! * g,/e, determined from simulation.
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04f | e : ‘ + updates, 5.6% uncertainty
032_ o, lo
0.2 oZ;cz)xE(xcz -~ Jpy) ly(Ap)l <1.0
0.1k T ol ) Bl = JwY) zﬁl ;:ZZ fewc Systematic uncertainties:
00511.1.11111.1.1.,1,1 . Signal parameterization
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Green bands show systematic errors only

12
5.6% uncertainty on BR not shown



P-wave charmonium ratios
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Comparison of CMS result with two theoretical predictions.

Ky predicts polarization states my,=my,=0
The NRQCD prediction does not give a particular polarization. Different

polarization scenarios can change the picture quite dramatically.
New LHCDb result : arXiv:1307.4285 13



Y2 | Hpq CrOSS SECtion ratio  cuseassp 13005

Particle Mass [MeV] BR(x» = T(1S)+v) Am(xs,Y) [MeV]
xp0(1P) 9859.44 + 0.42 + 0.31 1.76 £ 0.35 % 399.1
xp1(1P) 989278 + 0.26 + 0.31 339+22% 432.5
x»2(1P) 991221 4+ 0.26 £+ 0.31 191 +12% 451.9

The ratio measurement has been repeated in the bottomonium sector with 2012
data (~20 fb"), in four bins of p(Y).

This is the first time this measurement is performed.

Extremely challenging due to the small mass separation (~19 MeV), low energy of
the photon and lower statistics.

Cuts optimized for best photon energy resolution.

Use of kinematic fit to reconstruct M,y
ly(Y)[ < 1.5

In(v)l <1.0
7 < p:(Y) <40 GeV
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Events/5 MeV

Y2 | X1 CroSs section ratio
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Y2 | X1 CroSs section ratio
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The most recent theoretical work PRD 86 (2012) 074027, using also the CMS x,
result, predicts an increase of the ratio at low p;. This increase is not observed
in this analysis 16



LHC data for quarkonium production

By P.Faccioli et al., arXiv:1403.3970 (2014)

The double differential cross section
as a function of p;/m over the 7
states.

Shapes are well described by a single
empirical power-law for p;/m>3.
Suggests a simple composition of
processes dominated by one single
mechanism—CO (CS negligible)

Needs confirmation from:
--more accurate data up to high p;.

| --polarization data
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Polarization

Quarkonia polarizations are measured from of —
angular distributions of yy decays. : pp &= 7Tov
40 L=491b"

E L o |yl<0.6
dN ) N » 06<|yl<12
— o 1 +A, cos’d L=t g o
dQ t ’ z~ - E. _

+ A, sin’@ cos2¢ | Mo =+l g
I ;
\. - " 10 -
+/10(p sin20 cos| ¢ 1=0
! Ay =1 ° 9.5 10 10.5 1
> 1.1 Dimuon mass [GeV]
E 1E .................................................................. ‘ ............................................................................ E Xperimental Cha”enge:
£ 09 1 Precise mapping of efficiencies
2 a0 in prand n (Tag&Probe method)
E CMSs
0.7 pp \s=7 TeV
s e <02 CMS measured the Ag, A, and Ag,
06  os<h<to parameters (in 3 frames) for five
055_ o lA<hii<18 charmonium and bottomonium S states
L e e L vs. prand in several |y| ranges
0 20 25 30 35 40 45 50

single muon transverse momentum [GeV]
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J/’lp pOIarizatiOn results Phys. Lett. B 727 (2013) 381

« Results are given in terms of posterior probability densities.
« Systematic uncertainties are studied with data and pseudo-experiments.
* No large anisotropies observed.

CS--Collins—Soper frame, PX--perpendicular helicity frame
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] B T /
0 o 0 @
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B T -1—
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JIp, (2S) polarization, CMS vs NLO NRQCD

Butenschoen and Kniehl [PRL 108 (2012) 172002] use hadro and
photoproduction data, excluding polarization results, to fit the CO

LDMEs;

feed-down decays from P-wave states are not accounted for;
the predicted transverse polarization is not observed.

. pp s =7 TeV
HX frame

1 —e— cmMS, L =4.9 fb", total uncert. 68.3% CL

1 ——— NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 1350027 and private comm.
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1 ——— NLO NRQCD, B. Kniehl et al, MPLA28 (2013) 1350027 and private comm.
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Y(nS) polarization, CMS vs NLO NRQCD

PP NS = 7 ToV » Gong et al. (arXiv:1305.0748) use
T frame Yas hadroproduction data, including the CMS
o Y(nS) polarization results, to fit the CO LDMEs
. +| L L The Y(1S) and Y(2S) predictions include the
of T | feed-down from P waves
05 ] »  The Y(3S) is assumed to be 100% directly
| e cueLmso st sa o producea
-1 NLO NRGCD, Jian-Xiong Wang ot al. arxiv:1305.0748 » Absence of data on the feed-down fractions
1095 20 T2 s ss a0 as s and polarizations of the P states gives the
' model the freedom to fit the 1S and 2S
polarizations
1_: Eg(\f:am(: i Y(2S) pp \s=7TeV
1 lyl<0.6 1—: HX frame Yﬁ:_{swzﬂ
1 lyl <0.6 P
b o hy + ! |
: o] A
o5 arXiv:1305.0748
T -0.5] PRL 110, 081802 (2013)
| —e— cms, L=4.91b", total uncert. 68.3% CL 1 —e— cMS, L= 4.9 15", total uncert. 68.3% CL
1] NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748 17 NLO NRQCD, Jian-Xiong Wang et al., arXiv:1305.0748
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Conclusions

« CMS has produced several new results in the field of quarkonium
production and polarization.

« Present NRQCD calculations cannot describe the observed cross
sections and polarization at the same time. Especially none of the
measured states show polarization.

* The new results should help in the solution to the quarkonium puzzle

« P-wave quarkonia are an essential piece in this puzzle and further
measurements are needed (i.e. feed-down fractions and polarizations)

« New CMS measurements planned with Run |&ll data, stay tuned!
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Consistency LHC and CDF results

@ My ALICE, 25 <y <40

@ Jiy CMS, iyl <06

@ My CMS, 08 <yl <12
O (AS) CNS, Lyl <06
—O— WIS CNS, 06 <lyl <12
—— yES)CNS 1. 2<lyl <18
—4— My LHCD, 20 <y <25
—4— My LHCDh, 25 <y < 30
—4— My LHCDh, 30 <y« 35
- My LHCD, 35 <y <40
e Wy LHCh, 40 <y <48

—_— —_—
0 10 20 30 60 70
p, [GeV]
11  HXframe —e— iy CMS, iyl <08
1 —&— Uy CM5, 06 <iyl <12
] ‘lp(“S) —5— (25) CNS, Iyl <0.6
| —5— +4(25)CNS, 0.5 <lyl <12
—E— 4(25)CNS, 1.2<lyl <15
1 4 Uy LHCb, 20 <y <25
0.5 et Jioy LHCD, 2.5 <y < 3.0

R LSRR S T
t 1

o Wy LHCh, 30 <y <33
o Yy LHCD, 35 <y <40
e WAy LHCh, 40 <y <4s
— i N ALICE, 25 <y <4

10

20

30

0.5

%

HX frame

Y(nS)

—+— Y(35) COF, Iyl <05

—o— Y(15) CNS, Iyl <08
- Y(IS)CNS, 06<lyl <12
—8— Y(25) CMS, lyl <06
- Y(ZS)CNS, 06 <lyl <12
—4+— Y(35) CMS, lyl < 0.6
e YQAS)CNS, 06 <yl <12
~—&— Y(15) CDF, Iyl <05
W Y(EZS)CON iy <08

PRL 110 1297
3)
PRL 108 12015, 151802

50
p, [GeV]

0.5

—&— Y(15)CNS, lyl <06
e YOIS)CNS, 06<lyl <12
—8— Y(25) CMS, lyl <0.6
e Y(IS)CNS O6<lyl <12
—4+— Y(35) CMS, iyl <06
e YRS)CNS, 06<lyl <12
~—&— Y(15) CDF, iyt <05
~ W Y(ZS)CON <08
—+— Y(35) COF, Iyl <05

.1- Total uncertainties at 68.3% CL

1 1 1

10 20 30

081802




Quarkonium Polarization: Framework

quarkonium 4 Z AN
1
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Polarization is frame dependent:
CS : z axis bisector of beam momenta in particle rest frame
HX: z axis // particle momentum in lab
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Underlying continuum

Polarization

x10° 55 ><‘103
o 14 CMS 2 cMS
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J/P and Y(1S) polarization results
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P(nS) and Y(nS) polarization results
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Y(1S) polarization results

Results are given in terms of posterior probability densities

Systematic Uncertainties are studied with data and pseudo-experiments.

Systematics dominate total uncertainties at low py
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